Abstract. The results of a multiscale spectral analysis of bathymetric data on the flank of the Mid-Atlantic Ridge are described. Data were collected during two cruises using Hydrosweep multibeam (tens of kilometers to -0.2 km scale range) and Mesotech scanning pencil-beam sonar attached to remotely operated vehicle Jason (-1 km to -0.5 m scale range). These data are augmented by visual data which enabled us to identify bathymetric profiles which are over unsedimented or thinly sedimented crust. Our analysis, therefore, is focused primarily on statistical characterization of basement morphology. Work is concentrated at two sites: site B on -24 Ma crust in an outside-corner setting, and site D on -3 Ma crust in an inside-comer setting. At site B we find that an anisotropic, band-limited fractal model (i.e., the "von Kfirmfin" model proposed for abyssal hill morphology by Goffand Jordan [1988]) is not sufficient to describe the full range of scales observed in this study. Our observations differ from this model in two ways: (1) strike and cross-strike (dip) spectral properties converge for wavelengths smaller than -300 m, and (2) in both strike and dip directions the fractal dimension changes at -10 m wavelength, from -1.27 at larger scales to -1.0 at smaller scales. The convergence of strike and dip spectral properties appears to be associated with destruction of ridge-parallel fault scarps by mass wasting, which develops canyon-like incisions that cross scarps at high angles. The change in fractal dimension at -10 m scale appears to be related to a minimum spacing of significant slope breaks associated with scarps which are created by faulting and mass wasting. At site D, although there is no significant abyssal hill anisotropy, the spectral properties at all scales are consistent with the von Kfirmfin model. The fractal dimension at this site (-1.15) is less than at site B. This difference may be reflect different morphology related to crustal formation at inside-corner versus outside-comer position or, more likely, differences in the degree of mass wasting. The smoothing of seafloor morphology by sediments is evident in Hydrosweep periodograms where, relative to basement roughness, spectral power decreases progressively with decreasing wavelength.
Introduction
Abyssal hills are created at mid-ocean ridges by extrusive volcanism and faulting and modified through time by mass wasting and sedimentation; this simple fact is known, but the product of these four interacting processes is a complex, chaotic, multiscale morphology that defies simplistic (i.e., deterministic) quantitative description. We nevertheless are motivated to characterize abyssal hill morphology by quantitative means. It is in this way that we expect to make objective comparisons between different seafloor terrains subjected to different conditions, thereby to measure the influence of each process on the formation of abyssal hills, and ultimately to place hard constraints on physical models of these processes. Much of the effort in seafloor analysis in recent years therefore has concentrated on using statistical methods of quantification, which are suited to investigation of complex tinuing to progressively smaller surveys with progressively off-axis basement morphology can be explored without significant bias introduced by sediment cover. These two sites represent differences both in crustal age (3 Ma versus 24 Ma) and tectonic setting ("inside-comer" and "outside-comer" crust, as described below). We demonstrate that the larger-scale statistical character of basement and seafloor morphology differs significantly between these two sites. In this paper the anisotropic yon K,Srm,Sn statistical model for abyssal hill morphology [Goffand Jordan, 1988] is tested. This model is essentially an upper-band-limited, simple fractal surface with different comer wavenumbers for the strike and dip directions (Figure 2) . It is demonstrated in this paper that the yon K,Srmttn model is an oversimplified description, and a new conceptual model is provided based on our analysis.
Geological Setting of Survey Sites
The initial, regional survey of the Mid-Atlantic Ridge flank showed that the study area is divided into a series of coherent spreading segments which have accreted at the ridge axis over intervals ranging from -10 m.y. to >28 m.y. [Tucholke et al., 1997b] (Figure 1) metries in the large-scale statistical characteristics of the faultcontrolled abyssal hills. They found that IC abyssal hills had larger rms heights and characteristic widths than those at outside corners and the IC abyssal hills also were less lineated (i.e., they exhibit a lower anisotropic ratio, as defined by the ratio of comer wavenumbers in the dip and strike directions; see Figure 2 ). These IC/OC differences have been attributed to low-angle detachment faulting near segment ends at the ridge axis [Dick et al., 1981; Karson, 1990; Tucholke and Lin, 1994] . IC crust constitutes the footwall of the detachment fault, and as spreading occurs, much of the volcanic, upper crustal section is accreted and retained in the OC hanging wall. This process results in formation of OC crust with a relatively normal and complete crustal section similar to that at segment centers, but the IC footwall has thinned crust or even exposed mantle if the detachment fault is long-lived. Both IC and OC crust is cut by high-angle normal faults which form as the crust is uplifted into the rift mountains bounding the rift valley, but on inside comers these faults dissect the low-angle detachment surface [e.g., Karson and Dick, 1983] . The marked differences in fault patterns and abyssal hill development between IC and OC crust probably reflect differences in the amount of magmatic versus tectonic extension, in the brittle behavior of IC plutonic/ultramafic versus OC volcanic/diked oceanic crust, and in the pattern of near-field stresses around the adjacent nontransform discontinuity. Sites A and C. Mesotech sampling at site A was more limited than at sites B and D. More importantly, site A has significantly thicker sediment cover (average --40 m) and fewer sediment-free areas profiled by Mesotech. For this reason, we excluded site A Mesotech data from our analysis. Site C was not surveyed with the Mesotech, so it also is excluded from analysis.
Spectral Analysis of Profiles
Prior to spectral analysis, all profiles were detrended and the first and last 10% of each profile was tapered with a cos 2 function. An fast Fourier transform (FFT) algorithm was then applied, and the resulting complex spectrum was squared to achieve a sample power spectrum (periodogram), which is an unbiased estimator (in the limit of large N) of the true power spectrum [Priestly, 1981] . The results are plotted on log10-1og10 plots. Spectral smoothing is not applied; we prefer instead to view the highly erratic periodogram and consider it as an empirically defined error envelope. Periodograms are presented as a function of linear wavenumber u (cycles per kilometer) rather than angular wavenumber co (radians per kilometer) which is the direct product of the FFF. The two are related simply by u = af2n.
Where appropriate, slope of the log10-1og10 periodogram is estimated through a linear least-squares inversion [e.g., Menke, 1989] We suggest that convergence of strike and dip spectra observed at site B at wavenumbers >1og10 (u)___-0.5 may be related to mass wasting of the ocean crust. If true, this is the first quantitative characterization of this process. This mass wasting, in the form of canyon cutting, slumps and slides, tends to occur orthogonal to the strike of fault scarps and abyssal hills [Tucholke, et al., 1997a] . The canyons are of the order of a few hundred meters wide. Mass wasting therefore adds seafloor roughness along strike at wavelengths of a few hundred meters and less, which is consistent with the range of scales where the strike and dip periodograms merge. At the same time, the cross-strike roughness may be reduced by the formation of relatively smooth talus ramps (e.g., Figure 14) . Thus, starting from an idealized von Kfirmfin power spectrum model (Figure 2) , we speculate that mass wasting will increase the power of the strike periodogram over wavenumbers >log10 (u)_= 0.5, which would necessarily lower the spectral slope (increase the apparent fractal dimension) at smaller wavenumbers. In addition, we may see some decrease in the power of the dip periodogram over the same scales. The result would be a morphology which, at the smaller scales affected by mass wasting, would exhibit little if any structural ani- (Figure 12 ). Because the scarps and slope breaks which contribute power in the low-wavenumber part of the crosstrack Mesotech periodograms are present only occasionally on the short profiles, we conclude that such features, which principally represent crustal dissection by faulting and slope failure, are spaced no more closely than the typical Mesotech swath width of -20-50 m. The variability of Mesotech cross-track spectra also implies a fundamental change in the fractal nature of basement morphology at small scales. A fractal field is also self-affine [Mandelbrot, 1983] , meaning that, with appropriate scaling, a small piece of the field looks statistically identical to a larger piece. The observed spectral variability implies that self-affinity breaks down where a minimum spacing in significant slope breaks is reached. Correlatively, self-affinity at larger scales suggests that significant slope breaks, i.e., crustal dissection by faulting and slope failure, are the fundamental controls on abyssal hill basement morphology at scales larger than a few tens of meters. However, this study does not adequately investigate the contribution of volcanic morphology so we cannot discount it as an important factor.
Despite their low-wavenumber variability, the Mesotech crosstrack periodograms all tend to converge near wavenumber log10 (u) -_-2.7 (-2.0 m wavelength) (Figure 13 ). This new and perhaps surprising observation suggests that at scales of a few meters or less, the crustal roughness is very similar at both young and old sites and at both inside-and outside-comer crust. In other words, the roughness engendered by boulders, basaltic pillows, joints, cracks, and so forth, seems to be roughly similar over all crust (Figure 9 ). In the latter case, the difference between model and observation increases with increasing wavenumber. We interpret this as a quantitative demonstration that sedimentation affects seafloor morphology in a progressive manner, smoothing first the smaller scales and later affecting larger scales. This conclusion is consistent with numerical-based predictions of sediment smoothing derived by Webb and Jordan [ 1993] , and it thus provides observational support for the validity of their model.
